Night vision systems in vehicles are a new emerging technology. A crucial problem in active (laserbased) systems is distortion of images by saturation and blooming due to strong retroreflections from road signs. We quantify this phenomenon. We measure the Mueller matrices and the polarization state of the reflected light from three different types of road sign commonly used. Measurements of the reflected intensity are also taken with respect to the angle of reflection. We find that different types of sign have different reflection properties. It is concluded that the optimal solution for attenuating the retroreflected intensity is using a linear polarized light source and a linear polarizer with perpendicular orientation (with regard to the source) at the detector. Unfortunately, while this solution performs well for two types of road sign, it is less efficient for the third sign type.
Introduction
A night vision system in a vehicle may improve the driver's ability to see clearly beyond the low headlight beam range in difficult night vision conditions (low light and bad weather) [1] . Two main approaches exist for such systems: thermal passive imaging [2] and active imaging [3, 4] . The main disadvantage of thermal passive systems is that the resulting image is different from what the driver would see under normal illumination conditions, and some information such as the writing on the sign may not be distinguished from the sign's background when they are in thermal equilibrium.
In the active night vision imaging approach, the road scene is illuminated with a near-infrared (NIR ∼ 800 nm) source and the scene is imaged on a CCD or a complementary metal oxide semiconductor sensor. The reflected NIR light passes through a narrow bandpass filter which rejects most of the obstructing light, such as ambient light, streetlights, and headlights from oncoming cars. Such a system operating at ∼800 nm and ∼1 W average power has been described by Daimler-Benz [5] . An active night vision system, with enhanced recognition capability working at a wavelength of ∼810 nm has been described recently [4] . An active imaging approach enables a gated imaging operation, in which the sensor exposure is synchronized with the illuminating pulses. The camera gate is opened electronically only for a certain time after a small delay to the time of the pulse. Those times (opening and delay) are controlled so that only specific desired scene depth is imaged. In this way, light scattered by the atmosphere is eliminated except from the zone of observation, providing clearer video images in bad weather conditions such as rain, snow, and fog as described in [4] . Active night vision systems tend to correspond better to the features of the scene. Unlike passive systems that correspond to the temperature differences, the active systems correspond to the differences in the reflectivity of the NIR light from different objects in the scene. Generally, artificial objects and marking in the scene are made to be seen under light illumination conditions, while thermal contrast is not a consideration in their design. Hence, images obtained by an active system (reflections of a nearvisual light) may appear more natural to the human eye since the images observed by the human eye are usually formed by reflections of light that arrive from the Sun or from artificial light sources.
The major disadvantage of the active systems is the saturation and blooming of some of the video images due to strong reflections from road signs. We analyze and quantify this phenomenon toward a reduction of these disturbing effects in the image. To be clearly seen by drivers, road signs are made of retroreflecting arrays that reflect most of the light back toward its source. Figure 1 shows the three commonly used road sign types. The Diamond Grade Reflective Sheeting (DGRS) shown in Fig. 1(a) is a prismatic lens reflective sheeting. The reflective sheeting consists of prismatic lenses formed in a transparent synthetic resin, sealed and backed with a pressure-sensitive adhesive and clear plastic liner [6] . The High Intensity Grade Reflective Sheeting (HIGS) shown in Fig. 1(b) is an encapsulated spherical lens sheeting which is protected by a plastic liner [6] . The Engineer Grade Reflective Sheeting (EGRS) shown in Fig. 1(c) is simply made of an encapsulated spherical lens sheeting spread over the sign [6] .
Road signs were not designed to be used in night vision imaging. The intensity of the light reflected from the signs can be up to 3 orders of magnitude higher compared to the light reflected from other objects in the scene such as pedestrians, cyclists, trees, and fences. The resulting images that include road signs are often saturated and may suffer from blooming in the areas of the road signs. In those images it is impossible to read the content of the sign or to see its surroundings. To quantify the properties of this phenomenon for the purpose of reducing its effect in the image, we measured the Mueller matrices of the three common types of road sign at specific reflection angles in which they are usually being seen. We also measured the intensity of the light reflected back from the road signs as a function of the reflected angle. Based on these measurements, we concluded that the optimal way to reduce the blinding highintensity reflected light is by using a linearly polarized light source and a crossed linear polarizer in the camera. The idea behind this is that, while the reflected light from most of the scene is depolarized to a very large degree, the polarization state of the reflected light from the road signs remains mostly unchanged or significantly reduced (depending on the sign type). In such a case, using a crossed polarizer in the camera significantly reduces the intensity of the light reflected from the road signs, while the intensity of the light which is reflected from the scene is not reduced significantly.
Measurements of the Mueller Matrices of the Three Road Sign Types
The Mueller matrix represents the interaction of polarized light with elements which can change its state of polarization. This is a real 4 × 4 matrix that operates on 4 × 1 Stokes vectors which represent the polarization states of an incident beam light using the Stokes formalism [7] . The elements of this matrix can be determined by irradiating the examined polarizing elements with selected states of an input polarized light, whereupon the Stokes parameters of the emerging beam are measured by a Stokes polarimeter (analyzer and detector) [7, 8] . The Stokes vector containing the four Stokes parameters is defined as (e.g., Stokes vector) can be measured by using a single polarizing element, namely, a circular polarizer rotated at four different orientations and an intensity detector [7] . The circular polarizer is made by cementing a quarter-wave retarder to a linear polarizer with its axis rotated at 45°with regard to the fast axis of the retarder. The polarizer and the retarder axes are always fixed with respect to each other. The beam was allowed to enter one side of the circular polarizer whereby the first three Stokes parameters, S 0 , S 1 , and S 2 , were measured by rotating the circular polarizer to 0, 45, and 90°. The final parameter S 3 was measured by flipping the circular polarizer 180°to its linear side in such a way that the linear polarizer follows the quarter-wave retarder. A general requirement from night vision systems is an observation distance of ∼30-250 m. The possible incident angle to the road sign depends on the system's field of view (16°). However, we did not find a significant change in the reflected light properties with regard to this angle. In vehicles the receiving camera is located up to ∼1:5 m away from the NIR illuminator source. Hence, the reflecting angles (the angle between the incident light and the reflected light) are up to 3°. Therefore, the Mueller matrices were measured for reflection angles smaller than 3°. For both the EGRS and the HIGS signs,
This result is very similar to the Mueller matrix for reflection by normal incidence (at a specular surface) [7] . The negative sign (−1) in the matrix elements m 22 and m 33 means that, upon reflection, the ellipticity and the orientation of the polarization state of the incident beam are reversed. According to the measured Mueller matrices of the EGRS and the HIGS signs, the degree of polarization (DOP) of the reflected light from these signs is approximately conserved. Therefore, it is possible to significantly attenuate the intensity of the reflected light from such signs by introducing a crossed polarizer to the polarization state of the reflected light. Unlike the Mueller matrices of the EGRS and HIGS signs, the Mueller matrix of the DGRS is very different and it depends on the angle of reflection. The measured Mueller matrix for the DGRS sign at a reflection angle of 0:65°was found to be 
Unlike the case of the EGRS and HIGS signs, the DOP of the reflected light for the DGRS sign is always significantly smaller than 1. Thus, the reflected light from the DGRS sign is depolarized to some degree. In general, the bigger the angle of reflection, the bigger the depolarization is. At a reflection angle of 3°the Mueller matrix for the DGRS sign is quite similar to that of a depolarizer (the first element m 00 is equal to one and the rest are zero), independently of the polarization state of the incident light. Therefore, the DOP of the reflected light will be approximately zero. For smaller angles (e.g., 1.25 and 0:65°), the DOP is not zero, but significant depolarization occurs during reflection. From the results above we conclude that it is impossible to attenuate completely the reflected light from the DGRS sign by a crossed polarizer.
Measurements of the Reflected Intensity as a Function of the Reflection Angle and the Polarizer's Orientation
While in Section 2 we measured the Mueller matrices of road signs only at specific reflection angles, in this section we measure the recorded intensity as a function of the reflection angle and examine the effect of a filtering polarizer on the recorded reflections. In the experimental setup [ Fig. 2(b) ], the emitted laser light beam is polarized (LHP). The light reflected from the examined road sign passes through a lens and an analyzer (linear polarizer) and is received by a detector. The reflected intensity is measured as a function of the reflection angle in three setup configurations: the analyzer fixed at an LHP orientation, the analyzer It can be seen that, for the EGRS and the HIGS signs, the intensity of the reflected light that passes through an LVP polarizer is almost entirely attenuated, while for the DGRS sign it is not reduced significantly.
fixed at an LVP orientation, and with the analyzer removed. Results for the EGRS, the HIGS, and the DGRS signs are shown in Figs. 3(a)-3(f) , respectively. The source light is LHP in all cases. From the results shown in these figures we can conclude that the reflected light from both the EGRS and the HIGS signs is LHP polarized. The intensity of the reflected light from the HIGS sign is higher than that reflected from the EGRS sign for reflection angles smaller than 2°. Therefore, the HIGS sign is a stronger retroreflector than the EGRS sign. It can be seen that there is no change in the light transmission for the LHP and LVP polarizers as a function of the reflection angle. Therefore, the polarization state of the reflected light is not a function of the reflection angle. The intensity of the reflected light after it passes through an LVP polarizer is reduced by more than 2 orders of magnitude (e.g., transmission is less than 1%).
Unlike the results attained for the EGRS and HIGS signs, the light reflected from the DGRS sign is not completely polarized and depends on the reflection angle. At small reflection angles (less than 2°) the reflected light is more polarized than at bigger angles. The intensity of the light that passes through an LHP or an LVP polarizer is approximately the same at angles larger than 2:5°, as the reflected light becomes completely unpolarized. At small reflection angles (less than 0:5°) the reflected intensity that passes through an LVP polarizer is reduced by only about 1 order of magnitude. As the intensity of the reflected light is reduced when the angle of reflection increases, the DOP of the reflected light also reduces. These results correspond to those obtained in Section 4.
In this experiment we used an LHP diode laser source and mounted a removable LVP in the receiver. In Fig. 4(a) we can see an image of the two square road sign types (DGRS and HIGS) taken by an active night vision system without the crossed polarizer. The intensity of the reflected light from the signs is so high that they appear as one big sign in the resulting image due to strong saturation and blooming. The intensity of the reflected light from the DRGS sign is higher than that of the HIGS sign as expected. In Fig. 4(b) we can see the same image taken with the crossed polarizer mounted in the receiver. It can be seen that the DGRS sign is saturated and bloomed, while the HIGS sign is only saturated. This corresponds to the measurement results in Sections 2 and 3, where it was found that not only the intensity of the reflected light from the DGRS sign is higher than that reflected from the HIGS and EGRS signs, but it is also depolarized. This explains the lower effect of the crossed polarizer in reducing the reflected light intensity from this sign, as only polarized light can be strongly filtered out by the crossed polarizer. It was also found that the EGRS sign is less saturated and bloomed than the HIGS sign, which is with good agreement with the results found in Section 3. By using the crossed polarizer it was even possible to see the text of the EGRS sign. But, to read the text of the HIGS and DGRS signs we had to either reduce the intensity of the illuminator and/or the gain of the camera, which of course reduces the brightness of the rest of scene. The same scene but with a crossed polarizer in the receiver. Here the HIGS sign appears saturated but nearly without blooming around it. The DGRS sign appears saturated with blooming around it, though the blooming is smaller than that seen in (a).
Conclusions
We have measured the intensity and the polarization state of retroreflected light from the three common road sign types. We found that the reflected light from the EGRS and HIGS signs remain polarized, while partially depolarized from the DGRS sign. Additionally, the reflected light intensity from the DGRS sign is higher than that reflected from the HIGS and EGRS signs. Results show quantitatively that when a polarized light source is used (for instance, LHP), the optimal polarizer required at the receiver to reduce the reflected light is a crossed polarizer (LVP), which significantly attenuates the retroreflected light intensity from the EGRS and HIGS signs, while the reflected light from all other objects in the scene is reduced by only about 50%. Unfortunately, retroreflected light from the DGRS is not reduced significantly since this sign partially depolarizes the light. The effect of applying this technique for the reduction of saturation and blooming in the image of these sign types approves these results.
